This manuscript describes a single pot protocol for the selective introduction of unprotected sugars to the C3 position of the cardiotonic steroid strophanthidol. These reactions proceed with high levels of regiocontrol (>20:1 rr) in the presence of three other hydroxyl functionalities including the C19 primary hydroxyl group and could be applied to different sugars to provide the deprotected cardiac glycosides upon work up (5 examples, 77-69% yield per single operation). The selective glycosylation of the less reactive C3 position is accomplished by the use of traceless protection with methylboronic acid that blocks the C5 and C19 hydroxyls by forming a cyclic boronic ester, followed by in situ glycosylation and a work up with ammonia in methanol to remove the boronic ester and the carbohydrate ester protecting groups.
Introduction
Cardiotonic steroids represent a large family of natural products with a diverse range of biological activities [1] [2] [3] [4] [5] [6] [7] . These molecules have been considered of great importance for human and animal health due to their involvement in the regulation of such crucial functions as renal sodium transport and arterial pressure, as well their roles in modulation of cell growth, differentiation, apoptosis, fibrosis, immunity and carbohydrate metabolism, and the control of various central nervous functions and behavior [8] [9] [10] [11] [12] [13] . Due to their wide spectrum of biological activities including cardiotonic, anticancer [14] , anti-viral [15] , immunoregulatory [16] , neural outgrowth differentiative [17] , anti-inflammatory [18] , and anti-hypertensive [19] , cardiotonic steroids have been evaluated as potential therapeutic agents in a variety of recent studies. An overwhelming amount of data (including several clinical trials) indicates that cardiotonic steroids hold great potential as the therapeutics for treating cancer [20] . It is suggested that the steroid interaction with Na + /K + -ATPase results in the activation of various intracellular signaling cascades that culminates in different types of cell death. It is known that cardenolides can induce apoptosis, autophagy, anoikis, and immunogenic cell death depending on the cell type and steroid chemical features [21] [22] [23] .
Strophanthidol (4a) glycosides have been isolated from various natural sources, and are among the most potent cardenolide-based anticancer agents with the in vitro activity in low nM range for a variety of different human cancer cells (cf. Figure 1b ) [24] [25] [26] . The sugar moiety of these compounds plays an important role in defining their anticancer activity, and without the sugar moiety, aglycone 4a is significantly less active. In addition to α-L-rhamnoside 4b, other potent strophanthidol glycosides such as 4c have been identified and investigated. These observations as well as other prior studies [27] [28] [29] suggest that further optimization of the sugar moiety of strophanthidol (4a) glycosides may lead to even more potent analogs. However, the glycosylation of polyoxygenated cardiotonic steroids is not trivial, primarily due to the regioselectivity issues. In most syntheses of cardiac glycosides, multistep protection/deprotection sequence is commonly used to ensure the selective delivery of a sugar unit at the desired C3 position. This is certainly the case for the C19-hydroxylated steroids such as strophanthidol (4a), sarmentologenin (3), or ouabagenin (1) [30] [31] [32] [33] [34] [35] . The primary C19-hydroxyl functionality of such steroids can undergo competitive glycosylation in the presence of the unprotected C3 hydroxyl, and the products of C19 glycosylation (i.e., 9, Scheme 1) or bisglycosylation (i.e., 6 and 10, Scheme 1) are typically observed [30, 34] . To circumvent this, strategies requiring C19 protection, glycosylation and following deprotection have been developed [34, 35] . However, these strategies require careful selection of the C19 protecting group as the competitive decomposition of the butenolide moiety can be observed upon deprotection [34] . Altogether a more efficient strategy for the direct introduction of the sugar moiety at the C3 position of these molecules is highly desired. To streamline the synthesis of glycosylated strophanthidol (4a) analogs as well as other C3-glycosylated cardiotonic steroids possessing C3/C5/C19 hydroxylation pattern, we set out to develop a direct single pot method that is based on the use of boronic acid esters as the traceless protecting group.
The key design element present in our new protocol is the use of boronic acid as the transient protecting group for the C5/C19 diol moiety. One of the biggest advantages of using boronic acid as a protecting group is the operational simplicity and mild conditions associated with the installation and removal of the boronic acid esters. Madsen, Kaji, Taylor, and others have previously shown the utilities of various aryl boronic acids as protecting groups in the synthesis of polysaccharides [36] [37] [38] [39] . Beyond the synthesis of simple carbohydrate derivatives, boronic acid has not been widely used to introduce sugar moiety into natural products. One of the few examples was reported by Pis and coworkers in 1994 (Scheme 2) [40] . In their synthesis of 20-hydroxyecdysone glycosides, phenylboronic acid was used to selectively protect the vicinal-diol moiety of the natural product 11 to provide ester 12. Thus formed phenylboronic acid ester was isolated and subjected to glycosylation resulting in the mixture of products 13 and 14 with intact phenylboronic acid ester. Recently, our group developed a one-pot regioselective glycosylation procedure that allows selective glycosylation of the C11 hydroxyl of 14-membered macrolactone such as 6-deoxy-erythronolide B (6-dEB) (15) [41] . The solution of 6-dEB was treated with phenylboronic acid that served as the transient protecting group for the 1,3-diol moiety of the macrolactone. The in situ formation of the boronic acid ester 16 was followed by the addition of the glycosyl donor and promoter that provided glycoside 17, and the subsequent aqueous work up was used to cleave the boronic acid ester and provide the C11 glycosylated product 18 in a single operation. Having long-term interests in improving the synthesis of cardiotonic steroids [34, [41] [42] [43] [44] [45] and building on these prior studies, we surmised that this strategy might be particularly useful for the glycosylation of steroids 1-4a, and, in particular, strophanthidol (4a). This molecule possesses hydroxyl group at Fig. 1 Examples of cardenolides the C3, C5, C14, and C19 positions, and the boronic acid protection could result in two isomeric products protected either at the C3 and C5 positions (exemplified by compound 19) or at the C5 and C19 positions (exemplified by compound 20). Our computational studies indicate that 20 is 2.6 kcal/mol more stable than 19 (DFT, B3LYP, 6-31 G*), and therefore the application of the traceless protection/glycosylation strategy to strophanthidol (4a), should lead to the selective formation of the C3 glycosides. In this paper, we describe the development of a single step protocol to directly generate unprotected C3 glycosides of strophanthidol using methylboronic acid as a transient protecting group. 
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Results and discussion
Our studies commenced with identifying the conditions for strophanthidol protection with methylboronic acid and evaluating the regioselectivity of this reaction. We surmised that methylboronic acid would preferably form cyclic ester with the C5 and less sterically hindered C19-hydroxyl group based on both the thermodynamic (vide supra) and kinetic reasons. The methylboronic acid was selected due to its lower stability of the corresponding ester toward hydrolysis in comparison to phenylboronic acid that is more commonly employed for the protection of 1,3-diols. Indeed, after we mixed strophanthidol (4a) with methylboronic acid in the presence of 4 Å molecular sieves in dichloromethane, we were able to obtain a single compound (21) containing methylboronic ester moiety with the quantitative mass recovery after a simple filtration through Celite® (Scheme 3). We subsequently subjected thus isolated boronic ester intermediate 21 to the glycosylation condition with benzyl protected fucose trichloroacetimidate donor 22 and TMSOTf as activator. Upon work up with MeOH to remove the methylboronic acid masking group, we observed exclusive glycosylation at the C3 position to form glycoside 23, albeit with moderate yield and low diastereoselectivity (57% yield, 1:2.5 d.r.). This result supports our initial hypothesis that the formation of cyclic boronate at the C5 and C19-hydroxyl groups of strophanthidol is favored exclusively. Remarkably, the less reactive tertiary C14 hydroxyl did not undergo glycosylation under these conditions. However, the glycosylation yield and diastereoselectivity had to be optimized, and the traceless protection/glycosylation/deprotection sequence had to be executed in a single operation without isolating the intermediates such as 21.
To control the diastereoselectivity, we switched the protecting group on the glycosyl donor from benzyl to benzoate, which is a well-known participating group that allows to direct the glycosylation reactions (cf. Table 1 ). After the in situ formation of the protected strophanthidol 21, L-rhamnose-derived glycosyl donor 7 and reaction promoter were added to the same reaction vessel to initiate the glycosylation reaction. We tested several general conditions for the activation of trichloroacetimidate donor 7, and we discovered that some of the common Lewis acid activators were inefficient in promoting the glycosylation reaction leading to 24 (entry 1-3). When TfOH was used as the activator, we were able to obtain significantly better conversion (57%) and isolated yield (37%) for the . We also noticed that the isolated yield was increased two-fold, from 37 to 76%, when the glycosyl donor 7 was added to the reaction portionwise at 30 min intervals (entry 5). Through further optimization, we were able to obtain 24 in 81% yield exclusively as the α-diastereomer (entry 6).
To further enhance the efficiency of our protocol, we optimized the reaction work up to accomplish the deprotection of both the methylboronic ester and benzoate protecting groups on the sugar at the end of the reaction (cf. Scheme 4). After the glycosylation leading to glycosylated steroid was completed as judged by TLC, the reaction was diluted with MeOH, and the solution was saturated with ammonia by bubbling NH 3 gas through it. The resultant reaction mixture was left stirring at room temperature overnight, concentrated, and purified by flash chromatography on silica gel. This simple single pot protocol resulted in unprotected strophanthidol-3-O-α-L-rhamnoside (4b) in 73% yield (entry 1).
Using this optimized procedure, we also synthesized strophanthidol glycoside 26a and 26b with unprotected L-fucose and D-fucose at the C3 position in 77 and 72% yield correspondingly (entries 2 and 3). However, when we applied this strategy to generate the D-glucose and D-mannose derivatives 26c and 26d, we noticed significant formation of the ortho-ester by-products. The formation of these side-products significantly reduced the overall yield and complicated the purification of 26c and 26d. However, we surmised that this undesired side-reaction might be easily circumvented without changing our strategy if the acyl groups that are used for the protection of sugar donors are slightly modified. In particular, Kihlberg and coworker [46] have noticed that the use of fluorine-substituted benzoates as the protecting groups on sugar donors could significantly minimize the formation of ortho-esters during the glycosylation. Indeed, when we used 2-fluorobenzoate protected D-glucose and D-mannose trichloroacetimidate donors (24c and 24d) in our reaction, the formation of ortho-esters was suppressed, and glycosides 26c and 26d were formed in 75 and 69% yield correspondingly. All in all, our one-pot protocol has allowed us to efficiently and rapidly generate five glycosylated derivatives of strophanthidol, three of which are new glycosides (26a, 26b, and 26d) that have not been reported in the literature to date.
In summary, an efficient regioselective glycosylation of strophanthidol (4a) to generate five different unprotected glycosides in a single pot (77-69% yield) has been developed. This transformation was enabled by development of regioselective protection of the C5/C19 diol moiety with methylboronic acid. This method could be generally applied to regioselective glycosylation of other C19-hydroxyl containing steroids, and the use of traceless boronic acid protection to accomplish regioselective glycosylation of steroids 1-3 is the subject of ongoing studies in our laboratories. Regioselective single pot C3-glycosylation of strophanthidol using methylboronic acid as a transient. . .
Experimental section

General methods
All reagents and solvents were purchased from SigmaAldrich, Fisher Scientific, and were used as received without further purification unless specified. 
Strophanthidol (4a)
Strophanthidin (500 mg, 1.24 mmol) was dissolved in EtOH (0.15 M) and cooled on an ice bath. NaBH 4 (95 mg, 2.0 equiv.) was added, and the reaction was warmed up to room temperature. After stirring at room temperature for 2 h, the reaction was cooled in ice bath, diluted with 50 mL of EtOAc, and quenched slowly with 50 mL of saturated NH 4 Cl (aq). The biphasic mixture was stirred vigorously overnight. Next, the organic layer was separated and concentrated under reduced pressure. 86 (1 H, dtd, J = 14.4, 9.3, 5.4 
Glycoside 24
4a (16.3 mg, 0.040 mmol), MeB(OH) 2 (2.6 mg, 1.1 equiv.) and 60 mg of powered 4 Å molecular sieve were stirred in 200 μL of dry dichloromethane at room temperature. After 2 h, 0.5 equiv. of sugar donor 7 in 1.8 mL of dry dichloromethane was added to the reaction, and the mixture was cooled in ice bath. TfOH (1.1 μL, 0.3 equiv. ) in 20 μL of dry dichloromethane was added to the reaction. At 1 h interval, 0.5 equiv. of sugar donor in 200 μL of dry dichloromethane was added to reaction (repeated three times). After the last portion of sugar portion was added, the reaction was stirred in ice bath for 1 h before being warmed up to room temperature and quenched with Et 3 N. Next, the reaction was filtered through a short pad of silica gel/Celite and concentrated under reduced pressure. The crude mixture was quenched and azeotroped with MeOH multiple times and then purified by flash column chromatography on silica gel (EtOAc:Hexanes, 60:40 to 70:30 v/v) to obtain 24 (27.9 mg, 81% yield) as white foamy solid. General procedure for one-pot glycosylation of strophanthidol (4a) Strophanthidol 4a (16.3 mg, 0.040 mmol), MeB(OH) 2 (2.6 mg, 1.1 equiv.) and 60 mg of powered 4 Å molecular sieve were stirred in 200 μL of dry dichloromethane at room temperature. After 2 h, 0.5 equiv. of trichloroacetimidate donor 7 or 25a-d in 1.8 mL of dry dichloromethane was added to the reaction, and the mixture was cooled in ice bath. TfOH (1.1 μL, 0.3 equiv.) in 20 μL of dry dichloromethane was added to the reaction. At 1 h interval, 0.5 equiv. of trichloroacetimidate donor in 200 μL of dry dichloromethane was added to reaction (repeated 3 times). After the last portion of trichloroacetimidate donor was added, the reaction was stirred in ice bath for 1 h before being warmed up to room temperature. Next, the reaction was diluted with 3 mL of MeOH and NH 3 gas was bubbled through the reaction for 30 min. After stirring at room temperature for 18 h, the reaction mixture was filtered through a short pad of silica gel/Celite and concentrated under reduced pressure. The crude mixture was purified by flash column chromatography (on pipette column) on silica gel (starting with MeOH:CH 2 Cl 2 , 5:95 v/v + 0.5% of AcOH, followed by a gradient of MeOH:CH 2 Cl 2 , 10:90 to 20:80 v/v) to obtain glycoside 4b, 26a-d.
Glycoside 4b
Compound 4b was prepared according to general procedure for one-pot glycosylation of strophanthidol (4a) 
Glycoside 26a
Glycoside 26a was prepared according to general procedure for one-pot glycosylation of strophanthidol in 77% yield after flash column chromatography.
Mass spectrometry; HRMS m/z (M + Na, C 29 CD 3 OD) δ 178.3, 177.2, 117.9, 102.4, 86.4, 77.3, 75.6 
Glycoside 26b
Compound 26b was prepared according to general procedure for one-pot glycosylation of strophanthidol in 72% yield after flash column chromatography.
Mass spectrometry; HRMS m/z (M + Na, C 29 
Trichloroacetimidate donor 25c
D-Glucose (300 mg, 1.67 mmol) and DMAP (102 mg, 0.5 equiv.) were dissolved in dry pyridine and cooled on an ice bath. 2-fluorobenzoyl chloride (1.4 mL, 7.0 equiv.) was added to the reaction dropwise. After stirring at room temperature overnight, the reaction was quenched with 2 mL of MeOH and stirred for 1 h. Next, the reaction was diluted with 50 mL of DCM and washed with 2 N HCl (two times), sat. NaHCO 3 (two times), and brine solution. The organic layer was dried over Na 2 SO 3 , filtered and concentrated under reduced pressure. The crude mixture was used in next step without further purification.
The crude from previous step was dissolved in 5 mL of DCM and 33% HBr in AcOH was added to the reaction dropwise. After stirring at room temperature for 5 h, the reaction was quenched slowly with sat NaHCO 3 (aq). Next, the mixture was diluted with DCM, and washed with sat NaHCO 3 (aq), followed by brine solution. The organic layer was dried over Na 2 SO 3 , filtered and concentrated under reduced pressure. The crude mixture was used in next step without further purification.
The crude from previous step was dissolved in acetone/ H 2 O/DCM (10 mL: 1 mL: 2 mL) before Ag 2 CO 3 (800 mg) was added to the reaction. After stirring at room temperature for overnight, the reaction was filtered through Celite and concentrated under reduced pressure. The crude mixture was purified by flash column chromatography on silica gel (EtOAc: hexanes, 30:70 to 40:60 v/v) to obtain benzoate protected hemiacetal, which (300 mg, 0.45 mmol) was dissolved in 3 mL of DCM (0.15 M) and cooled on an ice bath. Trichloroacetonitrile (0.9 mL, 20 equiv.) was added to the reaction, followed by DBU (34 μL, 0.5 equiv.). After stirring at room temperature for 2 h, the reaction was concentrated under reduced pressure. The crude mixture was purified by flash column chromatography on silica gel (EtOAc:hexanes, 15 
Glycoside 26c
Compound 26c was prepared according to general procedure for one-pot glycosylation of strophanthidol in 75% yield after flash column chromatography.
Mass sepctrometry; HRMS m/z (M + Na, C 29 09 (3 H, m), 2.05-1.81 (4 H, m), 1.81-1.59 (6 H,  m 
